Systemic administration of morphine typically produces greater tolerance than higher efficacy muopioid receptor (MOPr) agonists, such as fentanyl. The objective of the present study was to test this relationship by measuring antinociceptive efficacy and tolerance to morphine and fentanyl microinjected into the ventrolateral periaqueductal gray (vlPAG). MOPr agonist efficacy was evaluated by microinjecting the irreversible opioid receptor antagonist -funaltrexamine hydrochloride ( -FNA) into the vlPAG prior to a dose-response analysis of morphine and fentanyl antinociception. In contrast to systemic administration of morphine and fentanyl, microinjection of these drugs into the vlPAG had similar efficacy as measured by similar reductions in maximal antinociception following -FNA administration. Analysis of tolerance revealed a rightward shift in the dose-response curve to a single pretreatment with morphine, but not fentanyl. Moreover, the magnitude of tolerance to morphine was comparable following one, four, or eight pretreatments. Tolerance to fentanyl also was evident following four or eight microinjections. These data are surprising in that antinociceptive efficacy appears to vary depending on the site of administration. Moreover, the similar efficacy following microinjection of morphine and fentanyl into the vlPAG was associated with comparable tolerance, with the one exception of no tolerance to acute administration of fentanyl.
Introduction
Mu opioid receptor (MOPr) agonists, such as morphine and fentanyl, are the most effective treatment for many types of pain. An important question is the degree to which tolerance develops to the antinociceptive effects of morphine and higher efficacy agonists used clinically. On one side of the debate, tolerance has been reported to occur following a single administration 4, 5, 6 . On the other side, many pain patients can be maintained on the same opioid dose for months or even years 9, 11 . These seemingly disparate findings could both be true if tolerance develops rapidly and varies little with repeated administration.
The degree to which tolerance develops is complicated further by animal studies showing that the magnitude of tolerance varies inversely with agonist efficacy at the MOPr. Efficacy, defined as the maximal antinociceptive effect, is known to vary depending on the opioid. Previous research using systemic or spinal cord administration has shown that less antinociceptive tolerance develops to high efficacy MOPr agonists, such as fentanyl and DAMGO, compared to lower efficacy agonists, such as morphine 7, 8, 24, 28, 36, 37 . Given that the ventrolateral periaqueductal gray (vlPAG) is known to contribute to both morphine antinociception and tolerance, it is likely that this brain area contributes to these differences in tolerance between agonists. The vlPAG is part of a descending pain modulatory pathway that includes a relay in the rostral ventromedial medulla before terminating in the dorsal horn of the spinal cord. Microinjection of MOPr agonists into the vlPAG produces antinociception 2, 3, 13 and repeated opioid administration results in tolerance 14, 23, 25, 39 . Moreover, blocking opioid actions within the vlPAG attenuates tolerance to systemic morphine administration revealing the importance of this structure in the development of antinociceptive tolerance 18 .
Although antinociceptive efficacy following vlPAG microinjection is expected to be consistent with differences in efficacy following systemic and intrathecal administration, the antinociceptive efficacy of MOPr agonists microinjected into the vlPAG has not been assessed. The present study will test this hypothesis by microinjecting low, medium, and high doses of the irreversible opioid receptor antagonist, -FNA, into the vlPAG prior to microinjection of morphine or fentanyl. In addition, it is hypothesized that the agonist with the higher efficacy will produce less tolerance to repeated microinjections into the vlPAG. This hypothesis will be tested by measuring the magnitude of tolerance to one, four, or eight microinjections of morphine or fentanyl into the vlPAG.
Methods

Subjects
Subjects were 217 adult male Sprague-Dawley rats (mean weight = 274 ± 3.2 g) from Harlan Laboratories (Livermore, CA). Rats were anesthetized with pentobarbital (60 mg/kg; i.p.) and a 9 mm guide cannula (23 gauge) was implanted into the vlPAG using stereotaxic techniques (AP: +1.7 mm, ML: ±0.6 mm, DV: −4.6 mm from lambda). Dental cement anchored the guide cannula to two screws in the skull. A stylet was inserted into the guide cannula following surgery, and rats were allowed to recover under a heat lamp until awake.
Rats were housed individually on a reverse light cycle (lights off at 7:00) so that behavioral testing could be conducted during the active dark phase. Food and water were available at all times except during testing. Rats were handled daily for a week prior to testing. All procedures were approved by the Washington State University Animal Care and Use Committee and conducted in accordance with the guidelines for animal use described by the International Association for the Study of Pain.
Microinjections and Behavioral Testing
Morphine sulfate (a gift from the National Institute on Drug Abuse), fentanyl citrate (SigmaAldrich; St. Louis, MO), -funaltrexamine hydrochloride (Tocris Bioscience; Ellisville, MO), were administered through a 31-gauge injection cannula that extended 2 mm beyond the guide cannula. Drugs were dissolved in 50-100% methanol ( -FNA) or normal saline (morphine and fentanyl). To prevent confounds from mechanical stimulation of neurons during the experiment, the injection cannula was inserted into the guide cannula without drug administration one day prior to testing. Microinjections were administered in a volume of 0.4 L (for opioids) or 0.5 L (for -FNA and vehicle) at a rate of 0.1 L/10 s. To minimize backflow up the cannula tract, the injector remained in place an additional 20 s. A stylet was inserted into the guide cannula and the rat was returned to its home cage immediately following the injection.
Test times and doses for MOPr agonists were chosen based on a previous vlPAG microinjection study 2 which determined that the peak effects for fentanyl and morphine antinociception are 3 and 15 -30 min, respectively. Doses for fentanyl (3 g/0.4 L) and morphine (5 g/0.4 L) were chosen based on D 50 values from that study 2 . Microinjections and testing for MOPr agonist pretreatment were conducted at approximately 10:00 and 16:00.
Nociception was assessed by placing rats on a 52.5°C hotplate and measuring the latency to lick a hind paw 17, 19 . If there was no response by 50 s, the rat was removed from the apparatus. Any rat with a baseline hotplate latency greater than 25 s (n = 18 of 235 rats; 0-3/ group) was not included in further testing.
Experiment 1-MOPr agonist efficacy in vlPAG
The purpose of this experiment was to determine the relative antinociceptive efficacy of morphine and fentanyl in the vlPAG. Efficacy was assessed by irreversibly blocking a subset of opioid receptors by microinjecting -FNA (0.1, 1, or 10 g/0.5 L; n = 8 -14/ group) into the vlPAG. The vehicle for -FNA was 50% methanol/saline except rats receiving the highest -FNA dose (10 g/0.5 L) requiring a 100% methanol vehicle. A subset of each control group received 50% (n = 8) or 100% methanol (n = 6). Six hours after -FNA administration, cumulative doses of fentanyl or morphine were microinjected into the vlPAG. Immediately prior to agonist administration, baseline hotplate latency was measured to assure no alteration in antinociception as a result of -FNA or vehicle pretreatment. Dose-response curves were generated on the test day by repeated microinjections of fentanyl at 4 min intervals resulting in cumulative third-log doses of 0.46, 1, 2.2, 4.6, 10 g/0.4 L. A hotplate test was conducted 2 min after each injection. Cumulative doses of morphine were administered at 20 min intervals resulting in third-log doses of 1, 2.2, 4.6, 10, and 22 g/0.4 L. The hotplate test was conducted 15 min following each injection. These test times were as close to the peak effect of the agonist (3 min for fentanyl and 15 min for morphine) to assure completion of the cumulative procedure before the effects of the first agonist microinjection wore off 2, 25 . Previous studies from our lab and others have shown the value of the cumulative dosing procedure to reduce the number of animals despite slightly different effective doses than standard single-dose experiments, but allowing for the important comparisons between experimental and control animals to be made 7, 20, 25, 26, 34 . Repeated vlPAG microinjections of MOPr agonist or a single MOPr antagonist administration has been shown to cause a rightward shift in the dose-response curve 25 .
Experiment 2-Tolerance to a single vlPAG microinjection
The purpose of this experiment was to evaluate the development of acute tolerance in the vlPAG to fentanyl and morphine at two different time points. A single microinjection of fentanyl (3 g/0.4 L), morphine (5 g/0.4 L), or saline (0.4 L) was administered into the vlPAG. Antinociception was assessed on the hotplate test 3 min after fentanyl microinjection and 30 min following microinjection of morphine. A subset of saline pretreated rats were tested at each time point (3 and 30 min) as controls for fentanyl and morphine pretreated rats, respectively.
The development of tolerance to this initial pretreatment was assessed using a cumulative dosing procedure either 1, 3, or 18 hrs following the initial injection. Just prior to tolerance assessment, baseline hotplate latency was measured. Given the short duration (< 30 min) of antinociception following microinjection of fentanyl 2 , acute tolerance was assessed at 1 hour. Morphine has a longer duration (approximately 90 min) so acute tolerance was tested at 3 hours post pretreatment injection 2 . These time points were chosen as double the duration of antinociception for the particular agonist to limit the impact of residual drug influencing hotplate latency. These test times are similar to the times used for systemic studies on acute tolerance to these opioids 22 . Cumulative doses of fentanyl or morphine were microinjected into the vlPAG as described in Experiment 1.
It is possible that the molecular changes underlying tolerance take time to develop. Therefore, acute tolerance also was assessed 18 hours following pretreatment with fentanyl, morphine, or saline. Tolerance to fentanyl and morphine was assessed using the same cumulative dosing procedure described above.
Experiment 3-Tolerance to repeated opioids in the vlPAG
The purpose of this experiment was to compare the magnitude of tolerance that develops to repeated microinjections of fentanyl or morphine into the vlPAG. Tolerance was induced by microinjecting fentanyl (3 g/0.4 L), morphine (5 g/0.4 L) or saline(0.4 L) into the vlPAG twice a day for 2 or 4 days. Antinociception was assessed using the hotplate test 3 min following microinjection of fentanyl and 30 min following microinjection of morphine on Trial 1. Tolerance was assessed by comparing shifts in the dose-response curve for opioid and saline pretreated controls 18 hours after the last opioid injection. That is, tolerance was assessed on Day 3 for rats pretreated with four injections and on Day 5 for rats pretreated with eight injections. Following a baseline hotplate test, cumulative doses of fentanyl or morphine were microinjected into the vlPAG as described in Experiment 1.
Histology
Following testing, rats were given a lethal dose of Halothane. The brain was removed and placed in formalin (10%). At least two days later, the brain was sectioned coronally (100 m) to determine the location of the microinjection cannula. Only rats with placements in or immediately adjacent to the vlPAG were included in data analysis (Figure 1) 30 . Placements are shown for Experiment 1, but placements were similar for all experiments.
Data Analysis
Differences in baseline and opioid-induced antinociception were compared using analysis of variance (ANOVA) followed by a Bonferroni post-hoc test when necessary. Dose-response data were converted to Percent Maximum Possible Effect (%MPE) to allow for comparison between pretreatment trials and drugs: (hotplate latency -baseline hotplate latency)/(cutoff hotplate latency -baseline hotplate latency) X 100%. Dose-response curves were plotted using GraphPad (Prism; La Jolla, CA). The half maximal antinociceptive dose (D 50 ) was calculated for each pretreatment group using nonlinear regression. Given that our data produces a graded response and not quantal responses, the term D 50 was used instead of ED 50 38 . Differences in D 50 s between treatment groups were assessed with ANOVA. Significance was assigned at an alpha level of 0.05. All data are presented as the mean (± S.E.M.) unless otherwise stated.
Results
Experiment 1-MOPr agonist efficacy in vlPAG
There was no significant difference in mean baseline hotplate latencies (13.5 ±0.9 -16.1 ± 1.7 s) for the different groups pretreated with -FNA or vehicle (F (3, 81) = 0.228; n.s.) or between morphine and fentanyl conditions (F (1, 81) = 2.69; n.s.). Microinjection of fentanyl or morphine into the vlPAG produced a dose-dependent increase in hot plate latency. Pretreatment with -FNA 6 hours prior to opioid administration caused a dose-dependent decrease in fentanyl and morphine induced antinociception (Figure 2 (Table 1 ). This decrease in antinociception caused by pretreatment with -FNA was not statistically significant between fentanyl and morphine ( Figure 3 ; F (1, 80) = 2.16; n.s.).
Experiment 2-Tolerance to a single vlPAG microinjection
Acute microinjection of fentanyl (3 g/0.4 L) or morphine (5 g/0.4 L) into the vlPAG caused a significant and comparable increase in hotplate latency compared to saline pretreated rats (Figure 4 ; F (3, 60) = 8.48; p < 0.05). Fentanyl microinjection produced a significant increase in hotplate latency compared to saline controls at 3 min (Bonferroni; p < 0.05) and microinjection of morphine produced a significant increase in hotplate latency compared to saline pretreated rats at 30 min (Bonferroni; p < 0.05). At these doses the magnitude of antinociception was similar for fentanyl and morphine treated groups.
There was no difference between baseline hotplate latencies conducted just prior to cumulative dosing on Trial 2 across drug pretreatments (Table 2 ; F (3, 54) = 1.31; n.s.) or time tested (F (1, 54) = 0.544; p = n.s.). Tolerance did not develop to fentanyl when assessed at 1 or 18 hours following a single microinjection into the vlPAG. The fentanyl D 50 s were not significantly different for saline and fentanyl pretreated groups tested at 1 hour ( Figure 5A ; F (1, 75) = 2.47; n.s.) or 18 hours ( Figure 5B ; F (1, 86) = 0.88; n.s.). In contrast, tolerance was evident in morphine-pretreated rats ( Figure 6 ). Pretreatment with a single vlPAG microinjection of morphine caused a significant rightward shift in the dose-response curve at 3 (F (1, 58) = 4.34; p < 0.05) and 18 hours (F (1, 86) = 5.95; p < 0.05) following the pretreatment injection. D 50 values for fentanyl and morphine are presented in Table 3 .
Experiment 3-Tolerance to repeated opioids in the vlPAG
Microinjection of fentanyl or morphine into the vlPAG caused a significant increase in hotplate latency on Trial 1 compared to their respective saline controls (F (3,65) = 16.37; p < 0.05). Fentanyl and morphine produced comparable antinociception when tested at 3 min and 30 min, respectively.
There were no significant differences in baseline hotplate latencies conducted prior to the cumulative dosing procedure between any of the drug pretreatments (Table 2 ; F (3, 54) = 0.701; n.s.). There was, however, a significant difference in baseline latencies as a result of the different lengths of morphine pretreatment (F (1, 62) = 6.773; p < 0.05). Rats pretreated with morphine for two days had higher baseline hotplate latencies compared to rats pretreated with morphine for four days (Bonferroni; p < 0.05). Although these differences were relatively small, data were converted to %MPE so antinociceptive potency could be compared across groups.
Unlike Experiment 2, repeated microinjections of fentanyl caused a rightward shift in the fentanyl dose-response curve (Figure 7 ). Four and eight repeated microinjections of fentanyl over two (F (1, 122) = 19.42; p < 0.05) and four days (F (1, 98) = 11.63; p < 0.05) were significantly different from saline pretreated controls (n = 8 or 9). Morphine pretreatment also caused a significant rightward shift in the morphine dose-response curve following two (F (1, 80) = 6.14, p < 0.05) and four days (F (1, 71) = 8.55; p <0.05) of repeated microinjections compared to saline pretreated rats. Changes in D 50 values as a result of repeated administration are shown in Table 3 .
In order to compare the magnitude of tolerance induced by fentanyl versus morphine, data were transformed to calculate D 50 s on the same log scale. Two days of fentanyl microinjections caused a rightward shift of 0.36 log units from saline pretreated animals and two days of morphine microinjections caused a 0.25 log shift. There was no significant difference between fentanyl and morphine in the magnitude of this shift (F (1,92) = 0.005; n.s.). Similarly, there was no significant difference in the magnitude of the shift caused by four days of fentanyl or morphine administration (F (1,91) = 0.898; n.s.). Fentanyl caused a rightward shift of 0.41 log units and morphine caused a shift of 0.34 log units from saline treated controls.
Discussion
The present data show that within the vlPAG: 1) fentanyl has similar antinociceptive efficacy to morphine, 2) tolerance develops to repeated, but not a single fentanyl microinjection, 3) a single microinjection of morphine was sufficient to produce tolerance, and 4) the magnitude of tolerance induced by repeated microinjections of fentanyl and morphine are similar. Taken together these experiments confirm that the vlPAG is an important site in the development of tolerance to morphine and other MOPr agonists, and that tolerance develops rapidly and is relatively stable regardless of opioid agonist used or the number of pretreatments.
Microinjection of fentanyl or morphine into the vlPAG produced maximal antinociception on the hot plate test. The magnitude of this antinociception was reduced in a stepwise manner following pretreatment with increasing doses of the irreversible opioid receptor antagonist, -FNA. This decrease in antinociception was comparable for fentanyl and morphine indicating equal antinociceptive efficacy for these agonists when microinjected into the vlPAG. This finding is surprising given that previous studies have shown that systemically administered fentanyl has greater antinociceptive efficacy than morphine 8, 20 . Sufentanil, a fentanyl analog, also has been shown to have greater antinociceptive efficacy and potency than morphine following intrathecal injections 24, 36 . The decrease in efficacy to fentanyl is matched by a reduction in relative potency compared to morphine following microinjection into the vlPAG. That is, the antinociceptive D 50 for fentanyl (5.7 nmol) and morphine (13.2 nmol) is similar following vlPAG microinjections, but fentanyl (151 nmol) is approximately 100 times more potent than morphine (13.2 mol) following systemic administration 21, 31 . The D 50 doses of other MOPr agonists classified as high efficacy, such as DAMGO, are much lower when microinjected in the vlPAG (0.9 nmol) 23 . Spinal cord administration also shows a greater potency difference between high efficacy MOPr agonists (0.2 -0.5 nmol) compared to morphine (3 -6 nmol) than found in the current study 24, 37 . Taken together, this reduction in fentanyl potency and efficacy with vlPAG administration suggests there are fewer spare receptors or different MOPrs in the vlPAG compared to other structures 24, 36 . This finding is important because it shows that ligand specific efficacy varies depending on the site of action.
The development of tolerance to morphine following vlPAG microinjections is not surprising given that morphine tolerance develops under many different experimental conditions, ranging from a single injection to continuous infusion 7, 8, 10, 20 . The present finding that acute tolerance develops to morphine microinjection into the vlPAG also is consistent with other studies showing tolerance to morphine after a single intrathecal, systemic, or intracerebroventricular injection 7, 10, 33 . In contrast, tolerance was not evident at 1 or 18 hours after a single injection of fentanyl. Other studies have reported acute tolerance following a single systemic injection of fentanyl 22 , however the doses in the current study were equal to D 50 doses determined for antinociception induced with microinjections into the vlPAG 2 , whereas other studies have used doses 50-100 times greater than ED 50 doses 22, 34 . Thus, acute tolerance to vlPAG administration may occur with a higher dose of fentanyl, but solubility problems caused by the small microinjection volume (0.4 l) precludes assessment. The short duration of antinociception following fentanyl microinjection into the vlPAG 2 may also limit the development of tolerance, but acute tolerance has been reported with systemic administration of fentanyl 22 . A more likely explanation is that ligand specific signaling differences between fentanyl and morphine 22 may prevent acute tolerance to fentanyl.
Tolerance to repeated microinjections of morphine into the vlPAG has been reported numerous times previously 14, 25, 27, 35, 39 . The current data extend this finding by showing that the magnitude of tolerance is similar regardless of the number of pretreatments. Although a slight increase in the magnitude of tolerance measured by a shift in log units was evident for both fentanyl and morphine, the shift in the morphine dose-response curve is not significantly different whether rats received a single or eight pretreatments. Tolerance also was evident following repeated microinjections of fentanyl into the vlPAG, and the magnitude of this tolerance was comparable to that produced by morphine.
These data add to a growing body of evidence revealing the importance of the vlPAG in tolerance to MOPr agonists. Microinjection of MOPr agonists into the vlPAG produces tolerance 23, 25, 39 , and inactivation of the vlPAG attenuates tolerance to systemically administered morphine 18 . The surprising finding is that comparable tolerance occurs to both MOPr agonists, whereas an inverse relationship between efficacy and tolerance has been reported with systemic administration 8, 20 . The difference is that we found comparable antinociceptive efficacy for fentanyl and morphine when microinjected into the vlPAG. Thus, the similar development of tolerance with repeated administration of fentanyl and morphine is consistent with the efficacy/tolerance relationship. However, the lack of tolerance to a single injection of fentanyl is not consistent with the lower antinociceptive efficacy of fentanyl when injected into the vlPAG.
Our experiments using fentanyl may differ from previous studies because of the intermittent administration paradigm. For example, the magnitude of tolerance to morphine is much greater than to higher efficacy agonists when these opioids are continuously infused, but this difference is less pronounced with intermittent injections 8, 28, 29, 34 .The development of tolerance to repeated microinjection of fentanyl is in contrast to systemic administration where little or no tolerance is reported 8, 28, 29, 34 . However, closer examination of these studies reveals that tolerance does develop to repeated systemic administration of fentanyl, but the magnitude of tolerance is less than to morphine. Moreover, many of these studies assess tolerance by measuring the magnitude of cross-tolerance to morphine 20 . Given that different mechanisms appear to underlie tolerance to morphine and fentanyl 12, 22 , tolerance could occur to fentanyl even in the absence of cross-tolerance to morphine.
Despite similarities in the development and magnitude of tolerance following vlPAG microinjections, the signaling proteins underlying tolerance to morphine and fentanyl have been reported to differ. Blockade of G-protein receptor kinase prevents tolerance to fentanyl but not morphine, whereas knocking out -arrestin 2 or blocking c-Jun-N terminal kinase attenuates tolerance to morphine, but not fentanyl 12, 22, 32 . These different signaling pathways provide a plausible explanation for differences in tolerance to fentanyl and morphine. Our previous finding that tolerance occurs to repeated DAMGO microinjections into the vlPAG in addition to inducing cross-tolerance to morphine 23 suggests that DAMGO activates the same signaling pathways as morphine despite reports showing that DAMGO is a higher efficacy agonist 1, 15, 16 . Current studies in our lab are examining whether fentanyl and morphine engage similar or different tolerance mechanisms.
These findings have several clinical implications. The lack of tolerance to acute administration of fentanyl reinforces the value of using fentanyl to relieve pain during surgery or other transient pain, although greater tolerance may occur with systemic administration. Moreover, tolerance will develop with repeated administration of either fentanyl or morphine. Once induced, the magnitude of tolerance is relatively consistent regardless of the number of pretreatments. Although opioid microinjection into the vlPAG provides an opportunity to examine the molecular mechanisms underlying tolerance, these results may not generalize to systemic administration of opioids used clinically which produce antinociception and tolerance at multiple sites and mechanisms. However, our data are consistent with clinical data showing that opioid tolerance can develop after a single injection and remain relatively stable following prolonged administration 4, 5, 6, 9, 11 . Cannula placements for animals pretreated with 0, 0.1, 1, or 10 g/0.5 L -FNA. Open symbols represent placements for vehicle groups, closed squares for morphine, and closed circles for fentanyl pretreated groups. Injection sites were similar for rats tested with morphine (left side) and fentanyl (right side). All cannula were implanted on the right side and are separated here for clarity. Placements for Experiments 2 and 3 were similar to those shown here. 
